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Introduction {#s1}
============

The prevalence of allergic diseases including asthma, atopic dermatitis and allergic rhinitis has increased in recent decades primarily in developed countries [@pone.0115554-Eder1], [@pone.0115554-Ronmark1]. Recent increases of atopic diseases in children have been ascribed to both environmental and hereditary factors [@pone.0115554-Bisgaard1], [@pone.0115554-Anderson1]. In our previous study, maternal atopic history, rather than the paternal atopic history, was the major factor affecting infant eczema and cord blood immunoglobulin E (IgE) levels [@pone.0115554-Liu1], [@pone.0115554-Yang1]. These results suggest that maternal inheritance and the prenatal environment itself during pregnancy could be important determining factors in the development of atopic disease.

Prenatal dexamethasone is one of the most commonly used drugs during pregnancy and is routinely administered to women at risk of preterm delivery to advance fetal lung maturation. In vitro studies have shown that dexamethasone may inhibit Th1 immunity and promote Th2 immunity [@pone.0115554-Flammer1]. For example, naïve CD4+ T cells exposed to dexamethasone show increased levels of Th2-related IL-4 mRNA production[@pone.0115554-Ramirez1] and were less sensitive to the effects of IL-12 [@pone.0115554-Wu1], [@pone.0115554-Fahey1], a cytokine is needed for Th1 differentiation.

However there is a paucity of data that examines the effect of prenatal steroids on T-helper cell immunity. While a few retrospective population studies have found that antenatal steroid use is an independent risk factor for the development of asthma between 36 to 72 months of age [@pone.0115554-Pole1], and later at 3 to 5 years of age [@pone.0115554-Pole2]; this has not been validated in randomized control trials [@pone.0115554-Dalziel1].

Th2 immunity appears to be the default phenotype in human neonates at birth [@pone.0115554-Prescott1], with Th1 immunity developing later in life. However, this normal shift in immunological development may be sensitive to exogenous toxins especially during certain critical periods of gestation [@pone.0115554-Dietert1]. For example, studies in rats have shown that lead exposure during the third trimester results in reduced Th1 related delayed-type hypersensitivity in adulthood [@pone.0115554-Bunn1].

It is possible that prenatal steroid exposure may similarly interfere with normal immunological development *in utero* To test the effect of prenatal steroids on Th1 and Th2 immunity, we designed the following rat model to gauge the effect of prenatal dexamethasone on Th1, Th2 and Th17 subset related mRNA expression and plasma cytokine levels in infancy (at post-natal day 7) and in adulthood (at post-natal day 120). Although both betamethasone and dexamethasone have been found to be equally effective in advancing fetal lung maturity [@pone.0115554-Brownfoot1], we chose dexamethasone in this study due to its wider clinical availability and cost-effectiveness [@pone.0115554-Lawn1].

Material and Methods {#s2}
====================

Ethics statement {#s2a}
----------------

Our animal protocol was reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) of the Chang Gung Memorial Hospital (Approval Number 2012022902). Adult Sprague-Dawley rats (200--250 g, BioLASCO Taiwan Co., Ltd) were purchased from BioLASCO Taiwan Co.,Ltd. All animals were housed in an animal facility at 22°C, with a relative humidity of 55%, in a 12 h light/12 h dark cycle, with food and sterile tap water available ad libitum.

Animal grouping {#s2b}
---------------

Virgin female rats were housed with male rats. According to our study protocol [@pone.0115554-Tiao1], female rats were separated from male rats 24 hours after mating, and then housed individually. Pregnant female rats were randomly assigned to either the dexamethasone exposure group or control group. Maternal rats in the control group were given intra-peritoneal normal saline injections once a day from gestational day 14 to 21. To conduct a prenatal dexamethasone exposure model, the experimental group was given intra-peritoneal injections of dexamethasone (0.1 mg/kg body weight) once a day from gestational age 14 to 20 [@pone.0115554-Hauser1], [@pone.0115554-Tang1]. The dose of 0.1 mg/kg of dexamethasone was chosen according to previously established animal models of prenatal steroid exposure [@pone.0115554-Tain1], [@pone.0115554-Yu1]. To control for differences in postnatal environment, cross-fostering of offspring rats was performed. In all, offspring rats were split into four groups after birth: two groups were raised by their birth mother (control offspring raised by control group mothers, and dexamethasone group offspring raised by dexamethasone-exposed mothers), and two groups were cross-fostered after birth (control offspring raised by dexamethasone-exposed mothers and vice versa).

Experimental procedures and specimen collection {#s2c}
-----------------------------------------------

Rats were sacrificed at post-natal day 7 and 120 respectively to assess acute and chronic effects of prenatal dexamethasone exposure during the infancy and adulthood. Both body weight and spleen weights were assessed. Blood samples were collected in heparin tubes; plasma samples were then extracted for cytokine level testing. Total RNA was extracted from spleen specimens using cultured cell total RNA Purification kit (Favorgen, cat. No. FABRK001-1). Both plasma and RNA samples were frozen at −80°C until use.

Measurement of plasma cytokines levels associated with Th cell subset immunity using Luminex^200^ system {#s2d}
--------------------------------------------------------------------------------------------------------

Measurement of the levels of cytokines within plasma collected at post-natal day 7 and 120 was performed using Luminex 200 system (Luminex, Austin, Tex.). Plasma concentrations of interleukin (IL) -2, interferon-γ (IFN-γ), IL-4, IL-5, IL-13, and IL-17A were assessed using the Milliplex Assay (Millipore) system. The study method was modified from previously reported methods [@pone.0115554-Kuo1], [@pone.0115554-Huang1]. Antibody conjugated beads were incubated first with diluted standards or plasma from animal subjects for 2 hours and then with detector antibodies for 1 hour at room temperature. Fluorescent detection was performed after the sample had been incubated for 1.5 hours with biotin as reporter and incubated for 30 min with fluorescent dye-conjugated streptavidin-phycoerythrin. Cytokine levels were measured by using a flow cytometer and were analyzed with Flowmetrix software (Master Plex QT 1.2 system) [@pone.0115554-Kuo1].

Real-time quantitative RT-PCR analysis of Th cell related mRNA expression {#s2e}
-------------------------------------------------------------------------

Reverse-transcription was performed using the High Performance Reverse Transcriptase System (EPICENTRE). The expression levels of T-bet, Gata3 and RORγt were detected by real-time RT-PCR using SYBR Green PCR Master Mix and ABI Prism 7500 Sequence Detection System (Applied Biosystems). The T-bet, Gata3 and RORγt expression levels were normalized using 18S rRNA as an internal control and were presented as absolute expression levels. The primers used for amplifying 18S rRNA were 5′-GTA ACC CGT TGA ACC CCA TT -3′ (forward), 5′-CCA TCC AAT CGG TAG TAG CG -3′ (reverse). The primers used for T-bet mRNA were 5′-TCC ACC CAG ACT CCC CAA CA -3′ (forward) and 5′- GGC TCA CCG TCA TTC ACC TCC A -3′ (reverse); for GATA-3 mRNA: 5′-CAC CCA GAC ACG CAC CAC CC -3′ (forward) and 5′-CGG CAT ACC TGG CTC CCG TG -3′ (reverse), and RORγt mRNA and 5′-CTG CAC TGT GTG AAG GGT GA -3′ and 5′-GAC AAG CCT TTT CTC CAT CG -3′ (reverse).

Statistics {#s2f}
----------

Comparison of continuous data (mean ± SE) was calculated by Student\'s *t* tests and/or Mann-Whitney *U* test. The median values of each parameter were used as cutoff values. A level of *p*\<0.05 was accepted as statistically significant. All statistical tests were performed using SPSS 14.0 for Windows XP (SPSS, Inc, Chicago, USA).

Results {#s3}
=======

Th1 immune expression {#s3a}
---------------------

Prenatal dexamethasone exposure had no significant effect on Th1 related mRNA T-bet expression at post-natal day 7 (p\>0.05). The effects of prenatal dexamethasone exposure became more pronounced by post-natal day 120. In rats that were raised by mothers with no dexamethasone exposure, those who received prenatal dexamethasone had a higher level of expression of T-bet when compared with those who did not ([Fig. 1](#pone-0115554-g001){ref-type="fig"}, Dex vs. Vehicle groups, p\<0.05).

![Th1 related mRNA expression levels.\
Animals were examined on post-natal day 120 (PD120). Data are expressed as mean ± SEM of 4--14 individuals. Vehicle: control group raised by control maternal rats, DEX: experimental group raised by experimental maternal rats, SD: Experimental group cross-fostered by control maternal rats, DS: Control group cross-fostered by experimental group maternal rats. An asterisk (\*) Denotes a significant (p\<0.05) between 2 groups by non-parametric tests.](pone.0115554.g001){#pone-0115554-g001}

There was no difference in plasma IL-2 and IFNγ levels at post-natal day 7 or post-natal day 120 (p\>0.05). The effect of prenatal dexamethasone was found only on mRNA levels, but not cytokines levels.

Th2 immune expression {#s3b}
---------------------

Prenatal dexamethasone exposure had no significant effect on Th2 related GATA3 mRNA expression levels at post-natal day 7 ([Fig. 2a, *p*](#pone-0115554-g002){ref-type="fig"}\>0.05). By post-natal day 120, prenatal dexamethasone exposure was linked to higher expression of GATA3 mRNA ([Fig. 2](#pone-0115554-g002){ref-type="fig"}, Dex vs. Vehicle, *p*\<0.05). Th2 related cytokines IL-4, IL-5 and IL-13 were all undetectable at post-natal day 7 and 120.

![Th2 related Gata3 mRNA expression levels.\
Animals were examined on post-natal day (PD120). Data are mean ± SEM of 4--12 individuals. Vehicle: control group raised by control maternal rats; DEX: experimental group raised by experimental maternal rats, SD: Experimental group cross-fostered by control maternal rats, DS: Control group cross-fostered by experimental maternal rats. An asterisk (\*) Denotes a significant (p\<0.05) between 2 groups by non-parametric tests.](pone.0115554.g002){#pone-0115554-g002}

Th17 immune expression {#s3c}
----------------------

There was no significant difference in RORγt mRNA expression at post-natal day 7 between the control and experimental groups (p\>0.05). By post-natal day 120, rats that received prenatal dexamethasone had lower levels of RORγt mRNA expression when compared to those who did not ([Fig. 3](#pone-0115554-g003){ref-type="fig"}, Dex vs. Vehicle respectively, *p\<*0.05). Prenatal dexamethasone exposure seems to have a corresponding effect in terms of Th17 related cytokine expression. Prenatal dexamethasone exposure was associated with decreased plasma levels of IL-17A at post-natal day 7 (11.21±1.67 vs. 6.23±1.06 pg/ml, P = 0.02, Mann-Whitney *U* test).

![Th17 related mRNA and cytokine expression levels.\
Animals were examined on post-natal day (PD120). Data are mean ± SEM of 4--14 individuals. Vehicle: control group raised by control maternal rats, DEX: experimental group raised by experimental maternal rats, SD: Experimental group cross-fostered by control maternal rats, DS: Control group cross-fostered by experimental maternal rats. An asterisk (\*) denotes a significant difference (p\<0.05) between 2 groups by non-parametric tests.](pone.0115554.g003){#pone-0115554-g003}

The effect of cross-fostering on Th subset mRNA and cytokine expression {#s3d}
-----------------------------------------------------------------------

In rats with no prenatal dexamethasone exposure that were later cross-fostered by a dexamethasone exposed mother after birth, the effect of cross-fostering significantly increased the Th1 related T-bet mRNA, Th2 related GATA-3 mRNA, and decreased Th17 related RORγt mRNA expression at 120 days of life ([Figs. 1](#pone-0115554-g001){ref-type="fig"}, [2](#pone-0115554-g002){ref-type="fig"} and [3](#pone-0115554-g003){ref-type="fig"}, p\<0.05). Cross-fostering after birth did not affect IL-2, IFNγ, IL-4, IL-5, IL-13, IL-17A levels at 120 days after birth (p\>0.05).

Discussion {#s4}
==========

In our rat model, we found a consistent link between increased mRNA expression levels of T-bet and GATA3, the transcription factors related to Th1 and Th2 cells respectively, with a decrease in RORγt mRNA expression levels related to Th17 cells in the adult offspring (post-natal day 120) of rats with dexamethasone exposure during gestation. No changes in mRNA expression were noted early after birth at 7 days of age (post-natal day 7). In terms of plasma cytokine levels, prenatal dexamethasone exposure was related to a decrease in IL-17 plasma in infancy (post-natal day 7), but were undetectable by adulthood (120 days of life). Prenatal dexamethasone exposure did not affect the plasma levels of IL-2, IFNγ, IL-4, IL-5, and IL-13 levels at post-natal day 7 or 120. Overall, these results show that prenatal dexamethasone exposure is linked to increased Th1 and Th2 mRNA expression and suppression of Th17 related mRNA expression but no effect on cytokines levels.

These results suggest that exposure to dexamethasone *in utero* interferes with normal immune. In a study of a rat model by Dieter et al., prenatal dexamethasone produced a persistent functional loss of delayed type hypersensitivity, a Th1 immune response that was not evident in adults [@pone.0115554-Dietert2]. There has been a growing interest in the role of environmental insults *in utero* on immune development through epigenetic modifications. It is possible that prenatal dexamethasone may alter immunological expression through changes of DNA/histone methylation or acetylation [@pone.0115554-Martino1], as opposed to direct interference of downstream transcription factors seen in previous studies [@pone.0115554-Liberman1], [@pone.0115554-Liberman2].

Although our study demonstrated an increase in both Th1 and Th2 related mRNA expression after prenatal dexamethasone exposure, there were no associated differences in cytokine concentrations. While there is no consensus as to whether mRNA expression or plasma concentrations are a more valid indicator of Th1 and Th2 responses, T-bet and GATA-3 are considered transcriptional factors specific to the development of Th1 and Th2 cells, respectively. Because Th1 and Th2 are related to cellular and humoral adaptive immunity, it is possible that the cytokine levels tested in our study represented baseline levels, but do not adequately reflect the immune response to external stimuli [@pone.0115554-Ramirez1], [@pone.0115554-Wu1]. In addition, post-transcriptional modifications or regulation at the mRNA level may account for why we found an increased expression of T-bet and GATA-3 mRNA, but found no difference in the related protein expression of IL-2, IFN-r, IL-4, IL-4 or IL-13 cytokines.

In the second portion of our study we found that cross-fostering by a dexamethasone exposed mother had an equal or possible more significant effect on Th subset mRNA expression. Rats with no prenatal dexamethasone exposure cross-fostered by a dexamethasone-exposed mother had increased levels of Th1 and Th2 related mRNA, and decreased levels of Th17 related mRNA at post-natal day 120; a change in that was identical to the one found in rats with prenatal dexamethasone exposure alone. In addition, cross-fostering by dexamethasone exposed mothers produced higher levels of Th1 and Th2 mRNA expression and lower levels of Th17 mRNA expression when compared to rats that were cross-fostered by mothers in the control group.

Previous studies have shown that prenatal dexamethasone alters pup-directed behavior in maternal rats [@pone.0115554-Hauser2]. In addition, cross-fostering in itself may present as a source of post-natal stress [@pone.0115554-Plyusnina1], resulting in endogenous production of stress related steroids in newborn rats. In our study we found that rats with no prenatal dexamethasone exposure cross-fostered by a dexamethasone-exposed mother (the DS group in [Figs. 1](#pone-0115554-g001){ref-type="fig"} and [2](#pone-0115554-g002){ref-type="fig"}) had the highest levels of Th1 and Th2 related mRNA expression. This may reflect the additive effects of both maternal exposure to dexamethasone and also the additional stress of cross-fostering.

Overall, our results seem to suggest that the post-natal environment had a larger effect on Th subset immunity when compared to the prenatal one. Postnatal factors involved in the development of Th subset immunity involve interplay of allergen exposure in the environment, diet, and exposure to infections and pollutants [@pone.0115554-Peden1]. The effect of maternal prenatal dexamethasone exposure on Th mRNA expression in our study may be linked to differences in breast milk content, maternal behavior or allergens present in the maternal environment. Although prenatal glucocorticoids were linked to a decrease in milk volume in lactating mothers, [@pone.0115554-Henderson1] to date there has been no data published regarding the effect of prenatal steroids and changes in breast milk content or conferred immunity. Further studies are needed to examine the effect of prenatal dexamethasone on maternal behavior, breast milk content and the development of Th subset immunity.

Conclusion {#s4a}
----------

Our study demonstrates that prenatal dexamethasone exposure significantly increased Th1 and Th2 mRNA expression (T-bet and GATA-3), and decreased Th17 mRNA expression (RORγt) in adult offspring (postnatal day 120). A similar mRNA expression profile was also found in rats that were cross-fostered by a dexamethasone exposed mother. Further studies are needed to investigate both the net functional effect of prenatal dexamethasone exposure, and the underlying mechanisms involved in related mRNA expression.
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